A b s t r a c t
The l i m i t a t i o n s o f s i n g l e frequency plane wave e x c i t a t i o n i n m i x i n g enhancement a r e i n v e s t i g a t e d f o r a c i r c u l a r j e t . Measurements made i n an 8.8 cm diameter j e t a r e compared w i t h a t h e o r e t i c a l model. The measurements a r e made t o q u a n t i f y m i x i n g a t e x c i t a t i o n amplitudes up t o 2 p e r c e n t o f t h e j e t e x i t v e l o c i t y . The i n i t i a l boundary l a y e r s t a t e , t h e e x i t mean and f l u c t u a t i n g v e l o c i t y p r o f i l e s and s p e c t r a a r e documented f o r a l l cases consid- 
I n some stud-les3-5 t h e value o f t h e r a t i o o f mean v e l o c l t y w i t h e x c i t a t i o n t o t h a t w i t h o u t e x c i t a t i o n a t x/D = 9
on t h e j e t c e n t e r l i n e was used as a measure o f j e t m i x i n g enhancement. The maximum a c h i e v a b l e v a l u e o f t h i s r a t i o i s about U(ex)/U(unex) = 0.8, u s i n g s i n g l e frequency plane wave e x c i t a t i o n . I t was assumed t h a t t h e l e v e l s of e x c i t a t i o n were i n s u f f ic i e n t t o enhance m i x i n g f u r t h e r and t h a t d e s i g n i n g a d e v i c e t o produce h i g h e r l e v e l s would h e l p b r i n g these values down f u r t h e r .
T h i s s t u d y focusses on some i n h e r e n t l i m i t at i o n s of s i n g l e frequency e x c i t a t i o n i n t h e p l a n e wave mode. Measurements were made u s i n g t h e a x \symmetric j e t f a c i l i t y a t NASA Lewis Research Cent e r , a t Mach numbers r a n g i n g f r o m 0. mehanisms such as e n t r a i n m e n t due t o t h e growth o f l a r g e s c a l e coherent s t r u c t u r e s and e n t r a i n m e n t due t o enhanced i n t e n s i t y o f f i n e g r a i n e d t u r b u l e n c e .
Experimental Apparatus and Procedure
The j e t f a c i l i t y shown i n F i g . 1 c o n t a i n s a 76 crn diameter plenum chamber s u p p l i e d w i t h press u r i z e d a i r . The f l o w passes through t h r e e screens and two stages o f ' c o n t r a c t i o n b e f o r e e x i t i n g through t h e 8. Measurements o f mean and f l u c t u a t i n g v e l o c i t y were made w i t h h o t -w i r e anemometers. The coherent motions were e x t r a c t e d by t h e phase averaging technique. The phase average i s t h e average o f d a t a p o i n t s h a v i n g t h e same phase w i t h r e s p e c t t o a r e ference s i g n a l . The phase averaging r e j e c t s t h e background t u r b u l e n c e and educts t h e u n d e r l y i n g , p e r i o d i c, coherent component. The phase average measurements and spectrum a n a l y s i s were done u s i n g a B&K dual channel s i g n a l a n a l y z e r . A computer c o n t r o l l e d t r a v e r s i n g mechanism was used f o r probe p o s i t i o n i n g . 
R e s u l t s and D i s c u s s i o n
As t h e i n i t i a l c o n d i t i o n s p l a y a v e r y s i g n i f ic a n t r o l e i n the development o f t h e shear l a y e r , these c o n d i t i o n s were c a r e f u l l y documented. The j e t c e n t e r l i n e t u r b u l e n c e i n t e n s i t y p l o t t e d versus dimensionless a x i a l d i s t a n c e i s shown i n F i g . 6 
u t a f u r t h e r i n c r e a s e i n t h e e x c i t a t i o n l e v e l does n o t reduce t h i s r a t i o any f u r t h e r .
As t h e mean c e n t e r l i n e v e l o c i t y measurements a t x/D = 9 a r e n o t a d i r e c t measure o f t h e j e t spreading r a t e , t h e j e t spreading as represented by t h e shear l a y e r momentum t h i c k n e s s was measured a t x/D = 9. T h i s i s shown i n F i g . 8 
. Momentum t h i c kness (excited)/momentum t h i c k n e s s ( u n e x c i t e d ) i s p l o t t e d versus t h e e x c i t a t i o n l e v e l . The momentum t h i c k n e s s used here i s d e f i n e d as, where Uc i s t h e l o c a l c e n t e r l i n e mean v e l o c i t y . The d a t a i n t h i s f i g u r e a l s o e x h i b i t s t h e "saturat i o n " seen i n t h e e a r l i e r f i g u r e s . The knee o f t h e curve i s a t a l e v e l o f 0.3 p e r c e n t o f t h e j e t e x i t v e l o c i t y , which i s t h e same c o n c l u s i o n drawn f r o m
t h e mean c e n t e r l i n e v e l o c i t y measurements shown i n -F i g . 7.
-F i g u r e 9 
shows t h e normalized peak amplitude o f t h e fundamental wave as measured a l o n g t h e j e t a x i s f o r v a r i o u s l e v e l s o f e x c i t a t i o n . As the e x c i t a t i o n l e v e l s a r e increased t h e peak l e v e l a t t a i n e d by t h e fundamental wave g e t s h i g h e r and e v e n t u a l l y s a t u r a t e s . A l s o obvious f r o m t h e f i gu r e i s a c l e a r upstream s h i f t i n t h e l o c a t i o n
of t h i s peak w i t h i n c r e a s i n g i n i t i a l e x c i t a t i o n l e v e l . The peak l e v e l o f t h e fundamental can be viewed as another i n d i c a t i o n o f j e t spread, s i n c e as t h e fundamental wave grows i t e The e x i t momentum t h i c k n e s s (€I/D) was measured t o be 0.006. The i n 1 t i a l t u r b u l e n c e energy was c a l c u l a t e d by i n t e g r a t i o n o f t h e measured t u r b u l e n c e p r o f i l e a t t h e e x i t E = 0.0001 was used and t h e i n i t i a l e x c i t a t i o n l e v e l was v a r i e d as i n t h e experiment.
x t r a c t s energy f r o m t h e mean f l o w thus causing t h e j e t t o spread a t a f a s t e r r a t e . The peak amplitude a t t a i n e d by t h e fundamental wave i s p l o t t e d versus t h e l e v e l o f e x c i t a t i o n i n F i g . 10. This i s seen t o s a t u r a t e a t t h e same l e v e l o f e x c i t a t i o n a t which t h e spreadi n g r a t e and mean v e l o c i t y a t x1D
The maximum coherent v e l o c i t y component a t t h e e x c i t a t i o n s i g n a l fundamental frequency as found a l o n g t h e j e t a x i s as a f u n c t i o n of t h e e x c it a t i o n l e v e l i s shown i n F i g . 13 ( d a t a same as i n F l g . 10). The f i g u r e s show t h a t a t low e x c i t a t i o n l e v e l s t h e t h e o r y underestimates t h e coherent com-ponent. However, the f i g u r e shows t h a t t h e t h e o r y i n d i c a t e s t h e same s a t u r a t i o n behaviour as i n the experiment. The maximum coherent v e l o c i t y compon e n t t h a t can be reached a l o n g t h e j e t i s about 8 p e r c e n t o f t h e j e t e 
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